We systematically analyzed octopus body patterns, based on locations of chromatophore nerve projection, using a proposed new species in the Octopus vulgaris Cuvier, 1797 complex, Octopus insularis Leite and Haimovici, 2008 . Although some taxonomic studies have used body patterns as characters to describe octopus species, a systematic analysis would provide detailed descriptions to assist reliable comparisons among species. This approach also links body patterns, behaviors, and underlying physiology of the chromatophore system. Body patterns were characterized by percent occurrence, areas of skin, and number of components in each. To verify the distribution of chromatic components, skin patterns, and colors among areas of the body, we ran a cluster analysis on occurrence of the components. We identified a total of 16 chromatic, 5 texture, 9 skin units, 6 colors, and 9 chronic body patterns. The cluster analysis showed twelve distinct skin areas of the components' distribution (expressive fields). Smaller fields were found in areas with complex patterns, especially around the eyes, while larger ones were found in areas with simple patterns. These findings differentiate between morphological and physiological units of the display system. The strong degree of similarity among photographs also supports previous taxonomic studies that pointed to morphological similarity within this species from the oceanic islands of northeastern Brazil.
The complex and changing appearance of cephalopod molluscs offers a challenge to the biologist, both in description (Packard and Sanders 1969, Hanlon and Messenger 1988) and in linkage of its body display to specific behaviors (Adamo and Hanlon 1996 , Hanlon et al. 1999a , Mather and Mather 2004 , Adamo et al. 2006 . Many authors (Packard and Sanders 1969 , Packard and Hochberg 1977 , Hanlon and Hixon 1980 , Hanlon and Messenger 1988 , Roper and Hochberg 1988 , Mather and Mather 1994 , Hanlon et al. 1999b have constructed a repertoire of the body pattern behavior either for one species or to discriminate among species. The problem of species identity is particularly difficult in the Octopus vulgaris Cuvier, 1797 species complex (Mangold and Hochberg 1991 , Mangold 1998 , Söller et al. 2000 , Warnke et al. 2004 . Morphological and morphometric analyses have suggested the occurrence of Octopus insularis Leite and Haimovici, 2008 (Leite et al., 2008) , a cryptic species of this complex from the northeast of Brazil (Leite and Haimovici 2006, Leite 2007) , and cataloging body patterns may be a useful addition to separate it from other species and to compare conserved characters (Hanlon 1988, Hanlon and Messenger 1996) . Such information can be gained from careful analysis of patterns taken from underwater photographs and film. Recent analysis of films of Sepia officinalis Linnaeus, 1758 has used Bayesian probability to identify pattern (Crook et al. 2002) , Independent Component Analysis to delineate the basic components (Anderson et al. 2003) , and Principal Components Analysis to look for camouflage units (Kelman et al. 2007) . Multivariate analyses can also be used to assess symmetry of body pattern expression (Langridge 2006) to understand camouflage (Kelman et al. 2007) or to aid in species differentiation, as in the present study.
Body pattern is composed of chromatic, textural, and postural components that combine to produce the final appearance of the individual (Hanlon 1988) . Body patterns are controlled at several levels, and chromatophores are the most important elements that define chromatic components. The chromatophores, organized on the body surface into groups designated as "morphological" and "physiological" units, are the smallest units (Packard 1974) . The morphological unit is a static arrangement of chromatophore density in the skin, such as patches and grooves, while the physiological units are a dynamic event, resulting from neural activation of a particular set of nerves in a specific area (Messenger 2001) . These areas are called "motor fields" or "chromatophoric fields" (Packard 1974 , Messenger 2001 and are usually irregular with overlapping boundaries (Packard 1974) . These chromatophoric fields depend both on the distribution of chromatophores in the skin and organization of their neuromotor control (Messenger 2001) .
Because chromatophores are innervated directly from the brain, it should be possible to map the projection of the chromatophore nerves onto the body surface to describe the larger units that Messenger (2001) calls "chromatomotor fields." Froesch (1973) found 20 areas of projection of chromatophore nerves on the body surface when he made selective lesions in Octopus vulgaris, and Bühler et al. (1975) divided the mantle into 23 smaller projection areas, based on 40 nerves leaving the stellate ganglion.
We believe that using photos of living octopus to analyze body patterns systematically, based on locations of chromatophore nerve projection on the body surface would make it possible to link body pattern components to areas of nerve projection, as well as linkages to behavior states. Body patterns were characterized in percentage of occurrence, locations and numbers of components, and cluster analyses were used to identify groups of similarities among photographs and among octopus body surfaces.
MATERIALS AND METHODS
Juvenile and adult specimens of Octopus insularis from the Fernando de Noronha Islands, a northeastern Brazilian oceanic archipelago (03°51ЈS, 32°25ЈW) located 345 km northeast of Cape San Roque, Brazil, were photographed from 1999 to 2005, during walking trips near shore, snorkeling, and scuba diving. They were found at a depth of 0.1 to 25 m, in areas of rock, rubble, and small sand patches, with water temperature ranging from 23 to 27°C. We obtained 365 photographs with a digital Canon Power Shot and Sony S50, both 5.0 megapixel, from 93 octopuses.
Conspicuous characteristics of body patterns, behavior, and habitat were used to exclude photographs of three other species of Octopodidae from the analysis: Octopus hummelincki Adam, 1936 was identified by the ocellus below the eyes; Octopus defilippi Verany, 1851, found only on sand and mud in the Rocas atoll, was identified by the white-cream color; and Callistoctopus macropus Risso, 1826, a nocturnal species, could be easily identified by conspicuous white spots all over the body. All photographs without the characteristics cited above but with characteristics common to Octopus vulgaris (Nesis 1987, Voss and Toll 1998) were classified as Octopus insularis. A subset of photographs was chosen based on an a priori assessment of image quality, definition, portion of the body visible, and body pattern. We chose 65 photographs from 23 animals that showed at least three areas of the body (e.g., mantle, head, and at least one arm), were of high quality, and were not the same pattern, date, and individual. We determined different behaviors, body patterns, and their relationships based on Packard and Sanders (1971) , Roper and Hochberg (1988) , and Hanlon et al. (1999a) , plus the components (chromatic, textural, colors) and skin patterns present in each photograph (Tables 1-2 ). The components and skin pattern were catalogued based on Packard and Sanders (1969) , Roper and Hochberg (1988) , and Mather and Mather (1994) (Table 2 ). The colors were the five cited by Messenger (2001) for O. vulgaris, plus BlueGreen, derived from the iridophores (Florey 1966 , 1969 , Messenger 1974 , Cooper et al. 1990 ).
Presence of components and colors throughout the body and within each body pattern
We analyzed the photographs for presence or absence of each chromatic and textural component, color, and skin pattern on forty-nine parts of the body (Fig. 1A) . These body parts were delineated based on the projection of chromatophore nerves onto the body surface (Froesch 1973 , Bühler et al. 1975 , plus additional divisions in the areas that were much too large, such as mantle and arms (Fig. 1A) . Classification of the arms position followed Mather (1998) , and 4 th (corresponding to the areas 7, 8, 9, and 10). Within a single arm, the proximal areas were categorized as 1 and 2 and the distal areas, 3 and 4.
To verify occurrence and area of each component and color throughout the body, we calculated: (the number of areas in which a component appeared in the photograph analyzed)/(total areas of body analyzed in the photograph) × 100. For example, the Dark bar in the eye (DBE) occurred in two areas of the body and we analyzed 30 areas in this photograph, so the occurrence for this component would be (2/30) × 100 = 6.7% (see Appendix 1 for details). We considered that components with 80% or more occurrences in an area could be considered typical for this area, and with 50-80% could be considered common for it.
To verify the distribution of chromatic components, skin patterns, and colors among the areas of the body, we ran a cluster analysis based on occurrence of all these components, except Brown and White, throughout the areas. These two colors were not considered because they were found throughout the body.
Typical and common components for the body patterns and species
To verify the degree of relationship that each component, skin pattern, and color had with each body pattern, we determined the mean occurrence of each component for the main body patterns: Mottle, Blotch, Uniform Dark, Dymantic, and Dorsal Light-Ventral Blue-Green. We calculated: (the times that each component appeared in the photographs within a distinct body pattern) /(total of photograph analyzed with this body pattern) × 100. For example the DBE appeared in 5 of 10 photographs classified as Uniform Dark, so the occurrence for this component would be 50% in this body pattern. If a component appeared only in areas of the body that were not present in the photograph analyzed, the photograph was not included in the total.
We considered that components with 80% or more occurrences in all body patterns could be considered "typical" for the species and with 50-80% could be considered "common" for this species (Appendix 2). The components with Ն80% or more only in one body pattern were considered typical for them; those with 50-80% were considered common.
Similarity among photographs
To determine how many groups of animals could be differentiated from the photographs, a cluster analysis was run, taking into account the presence and degree of expression of each component throughout the parts of body. A cluster analysis encompassed a number of different classification algorithms to join together objects (photographs and skin areas) in successively larger clusters, using some measure of similarity or distance (Statistic Program Contents 2000) . A typical result of this type of clustering was a hier- archical tree that put together the cases that had similar indices and separated the ones with different indices.
RESULTS
We found sixteen chromatic components, five textures, nine skin units, six colors, and six chronic body patterns in five different behavioral states (Outside den, Inside den, Swimming, Mating, and Hunting) (Tables 1-2). Although many different body patterns were found in each behavioral state, some of them were more common than others. For instance, Mottle ( Fig. 2A) was common in Hunting (60.9%) ( Table 3) .
Presence of components and colors throughout the body and within each body pattern
Seven of the chromatic components were restricted to specific areas of the body: (1) the White V at the proximal part of the arms 1R and 1L (area 7D1) (Fig. 2A) ; (2) blue green around the eyes (areas 3, 4D, and 6D) (Fig. 2A) ; (3) alternate bars on the distal parts of the dorsal arms (areas 3 and 4) (Fig.  2A) ; (4) bar across the eye (areas 4D, 5, and 6D) (Fig. 2B) , usually dark but sometimes red or white; (5) alternate light/dark around the eye (areas 3, 4D, and 6D) (Fig. 2B) ; (6) Dark blotch above the eye (area 2) (Fig. 2C) ; and (7) Purple around suckers (Fig. 2D) . Components described in more than one area around the eye, such as DBE and BGE, could vary their location to one, two, or three of the areas at a given moment. For example, DBE could be present in only 4D, in 4D and 5 together, or in three areas (4D, 5, and 6D) at the same time.
Among textural components, the Small Papillae (Fig. 2F) were spread throughout the body, while Big Papillae (Fig. 2F ) occurred disproportionately, but not commonly, on dorsal mantle (1D, 16%) or at proximaldorsal area of the arms 1R and 1L (7D1, 23%). The skin pattern Light Smooth was typical of ventral areas of the mantle, with 93% occurrence, and Red /White Reticulate on the ventral arms, with >90%.
The colors Brown and White were widespread throughout the body, while all others colors showed some concentration in different parts of the body. Blue-Green was typical in ventral mantle (100%); Red was typical to ventral parts of the arms, the edge of suckers (both with >80%), and common to eyes (>60%). Yellow was common in areas around the eyes (>60%).
Some components could occur in different proportions throughout the body across distinct Body Patterns. For example: Light Blotch (LB) appeared in 40.9% of the body areas in Blotch, while it appeared in just 4.2% of the areas in Mottle. White Spot was the most common component of the areas in Mottle (57.7%), while in Dymantic it appeared just in 9.9% (see Appendix 1).
Looking for clusters among the body areas
Cluster analysis of occurrence of the components throughout the areas showed twelve distinct groups (Fig. 1B , in Roman numerals and Fig. 3 ), seven composed of single nerve projection areas (2, 3, 4D, 5, 6D, 4D, and suckers) and Figure 1 . Areas of the body of Octopus insularis onto which skin patterns were projected: A, Areas of protection of chromatophore nerves to the skin (based on Bühler et al. 1975 , Froesch 1973 . B, Areas of common pattern expression, as determined by cluster analysis of occurrence of the pattern components.
five of more than one. The analysis showed clustering among all lateral areas of the mantle (1L1, 1L2, 1L3, and 1L4), among two areas of the head (4V and 6V) th arms, plus the dorsal part of the 4 th arms (1V, 7V, 8V, 9V, 10D, and 10V). The areas 10D1 and 10D2 were not considered in the analysis because it was not possible to see them in any photograph. Dorsal areas showed a larger number of components (7-10) than ventral arms and mantle did (4).
Typical components, skin pattern, and colors for the body patterns and species
The analysis of occurrence of the chromatic component, skin pattern, and colors for the five common Body Patterns (Mottle, Blotch, Uniform dark, Dymantic, and Dorsal LightVentral Blue-Green) allowed us to show that some components were typical to the species or the body pattern. Typical components of the species were Purple Edge on Suckers (<87.5%), Dark Bar Across the Eye (85%), and Red/White Reticulate on ventral arms (100%) (Appendix 2). Other components considered common to the species were: paired white mantle spots (1D) (61%), frontal white V (7D1), blue green around the eyes (3, 4D, and 6D), and alternate arm bars (all >50%).
Only Blotch and Mottle had typical components (>80%). The typical chromatic components for Blotch were Dark Bar across the Eye (DBE), Light Blotch (LB), Blue-Green around the Eye (BGE), and Purple Suckers (PS); for Mottle, they were DBE, White Spots (WS), White Frontal V (WV), Alternate Bands on Arms (ABA), and Purple Suckers (PS) (Appendix 2 and Fig. 2 ).
Similarity among photographs
The cluster analysis indicated that the photographs formed one large similar group (Fig. 4) . This analysis showed similarity among the pictures, based on occurrence of the components throughout areas of the body, despite differences among Body Patterns, which probably indicated that the specimens belonged to the same species. The cluster analysis just separated three pictures with conspicuous patterns and proportion of components from the larger group: Flamboyant and two pictures of Uniform Dark during Swimming.
DISCUSSION
Body patterns are a useful taxonomic characteristic for identifying cephalopods in the natural environment (Moynihan 1975 , Hanlon 1988 , Hanlon and Messenger 1996 . This study supports this statement using quantitative analyses as well as qualitative ones to analyze body patterns. Although components had different areas of occurrence and degrees of expression, these parameters were uniform enough that almost all pictures were considered similar by cluster analysis. This strong degree of similarity among the pictures classified as Octopus insularis from Fernando de Noronha supports previous taxonomic studies that pointed to morphological similarity in this species (Leite and Haimovici 2006, Leite 2007) .
Although qualitative analyses are sometimes not enough to distinguish species or subspecies, they can be used as an indicator. A comparison of body patterns of Octopus insularis with ones described for Octopus vulgaris from the Mediterranean (Packard and Sanders 1969, 1971) and Bermuda (Mather and Mather 1994) showed that some chromatic and textural components occurred in both species. These are frontal white spots (forming a "V" in O. insularis and split for O. vulgaris from the Mediterranean) (Fig. 2B) , mantle white spots (not described for O. vulgaris from Bermuda), arm bars, eye bar, black hood, and long papillae on the mantle and head. Otherwise some components such as the extended hood and transverse stripes (chevron), eye ring, head bar mantle shield, and grainy texture were observed for O. vulgaris only from the Mediterranean. Some components described in this study for O. insularis, such as blue-green around the eye ( Fig. 2A) and alternate light and dark around the eye (Fig. 2B) , had not been cited for O. vulgaris from either region.
The quantitative results showed that only a small number of components can always be observed across different body patterns. These results make it difficult to do a general Body Pattern description for this species, such as that of Haplochlaena maculosa (Hoyle, 1883) (Roper and Hochberg 1988) . However, some components were strongly related to specific body patterns, and this close relationship was useful to make a solid characterization of the body patterns that will be useful in future research.
Simple body patterns are found in cephalopods with fewer and larger chromatophores, which could generate fewer components, and complex body patterns are found in species with many and small chromatophores, which could generate more components (Messenger 2001) , but this may vary within species. Simple and complex body patterns may, therefore, depend on the number of components. The complex ones (e.g., with more components) were observed during Hunting and Outside Den (Blotch and Mottle), while the simpler ones (fewer components) were more common during Swimming (Dorsal Light-Ventral Blue-Green and Uniform Dark). As the octopuses were photographed outside their den in habitats of different complexity including coral reef, bed rocks, and rock shores, the high degree of complexity could be explained if some habitats require complex body patterns to match them. That might be true for Octopus insularis, but not for all species: Hanlon et al. (1999a) found Octopus cyanea Gray, 1849 exhibited little background-matching outside its den. The degree of complexity that body patterns show within the same species or even individual in relation to the environment indicates a great sophistication of pattern use (Messenger 2001 ) that needs to be evaluated in detail for many species.
Different levels of complexity of distribution can also be found throughout different regions of the body in a single species and may determine the components and patterns that each region can display. During studies of Loligo opalescens (Berry, 1911) chromatophores, Florey (1966 Florey ( , 1969 found large and sparse chromatophores with single innervation in the ventral mantle, and small and numerous chromatophores with multiple innervations in the dorsal mantle. We also found simple body patterns in ventral areas (mantle and arms) and complex ones in the dorsal areas (mantle, head, and arms). Different degrees of complexity of pattern throughout body areas of an individual can be explained if more complex areas such as the dorsal areas are more visible and vulnerable than others, while less visible areas such as the ventral arms and ventral mantle show simple patterns. Remember, the skin system is widely believed to have evolved as camouflage (Packard 1974) . Differential occurrences of components in different skin areas as defined by Froesch (1973) should have helped us understand the effective projection area of chromatophore fields. When we analyzed the spatial extent of components and patterns, however, we found twelve areas with common patterns that we call "expressive fields" (Fig. 1B) . Some of Froesch's (1973) areas, such as the projection of nerve 5 and 3 at and near the eye, do predict the expressive fields that we found. However, not all of his areas match our findings. For instance, the mantle divides into three large expressive fields, not the large number of projections described by Buhler et al. (1975) . This important finding reflects the division into different morphological and physiological units which is also seen at the lower level (Packard 1974 , Messenger 2001 . Our knowledge of the projection areas for pattern (Messenger 2001) is improved when the areas used are the expressive fields.
Bringing order to a complex system such as expression of body patterns, analyzing them as located in expressive fields, and linking them to different situations has many uses. The first is the possibility of using them as an additional means of species identification (Hanlon 1988 , Roper and Hochberg 1988 , Hanlon and Messenger 1996 in conjunction with morphological and molecular analyses. Beyond this, a systematic analysis of the locations of components may shed light on the physiology of the complex, chromatophore-control system (Messenger 2001) and discriminate the many levels of motor fields on the skin. Additionally, linkage of specific patterns to behavioral states has been traced only for a few displays such as those of Sepia officinalis (Adamo et al. 2006) and Octopus rubescens Berry, 1853 (Warren et al. 1974) during hunting, and the Passing Cloud of O. cyanea to startle potential prey (Packard and Sanders 1969, Mather and Mather 2004) . With a more systematic analysis, new linkages of behavior and color pattern may become clear. This kind of analysis can thus be the key to accessing the behavioral plasticity and sophisticated neural control that modern cephalopods have developed (Hanlon and Messenger 1996) through evolution.
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